The present work represents an attempt to formulate the air heat transfer performance exhibited from a wavy corrugated duct in the form of simplified correlations at constant heat flux. The correlations are empirical formulae intended to be applied for a corrugation wavelength to amplitude ratio (λ/a) of (5.7-12.6) with (0°) phase shift angle at corrugation plate angles of (54.5°), (45°), (38°), and (32.5°). The main stream air flow Reynolds number domain through the corrugated duct was bounded by (1.85×10 3 ) to (3.9×10 3 ). Four simple correlations for the heat transfer coefficient enhancement factor, corrugated duct heat transfer coefficient, Stanton number and Nusselt number were developed by the implementation of the Buckingham-pi theorem. These correlations were in terms of the duct corrugation characteristics, flow operating conditions and exerted heat flux. The deviation of the predicted data for the heat transfer coefficient enhancement factor was within a scatter of (± 10) %. The corrugated duct Stanton number, Nusselt number and heat transfer coefficient were correlated with accuracy margin of (± 20) % of the measured experimental data.
INTRODUCTION
The wavy corrugated surfaces are implemented for the industrial applications where the hydrodynamic measure is not a restriction and the thermal aspect is of a vital importance. A significant thermal enhancement may be attained depending on the operating conditions regarding Reynolds number, corrugation geometry configuration and heat flux.
Numerical investigations were conducted to investigate the heat transfer and pressure drop characteristics in a corrugated channel with the rounded angles [1] [2] [3] . The heat transfer rates for flow through a periodic array of wavy passages were studied [4] . The results of the average Nusselt numbers for the wavy wall channel didn't show much enhancement than those for a smooth channel. A numerical analysis was conducted for transitional characteristics of fluid flow and heat transfer in corrugated duct [5] . Computations were performed for Prandtl number of 0.7, in the Reynolds number range of (100 to 2500), for corrugation angles of (15°) and (30°). They found that the predicted transitional Reynolds number was lower than the value for the parallel plate duct and it showed a decrease with increasing corrugation angle.
An experimental investigation has been conducted to study the flow behavior and local heat transfer for laminar and transitional flows in sinusoidal wavy passages [6] . They postulated that the heat transfer experiments confirmed that instabilities observed in the low visualization experiments result a heat transfer enhancement in the wavy channel. A numerical model was built to study laminar heat transfer in a channel with smooth and corrugated wall to determine the velocity and temperature distributions [7] . The results revealed that the optimum corrugated wall profile provides a nearly (8) % increment with respect to the heat dissipated by the optimum at wall profile.
Experimental investigation for the natural convection heat transfer variation through a square enclosure of V-corrugated vertical plates by air stream was performed [8] . The results showed that the increase of mass flow rate increases the heat transfer rate and the decrease of water inlet temperature increases the heat transfer rate. The heat transfer characteristics and pressure drop in a channel of different corrugation angle exposed to a constant heat flux were investigated [9, 10] . They concluded that the heat transfer was tremendously enhanced and great pressure drop deterioration was noticed when compared to those of parallel plate channel for laminar as well as turbulent flows.
A numerical scheme was presented to investigate the heat transfer and fluid flow characteristics in a wavy corrugated plate channels in the laminar flow regime [11] . The corrugated wall structure only maximizes the heat transfer when both the Reynolds and Prandtl numbers are not too low. A numerical study for a two-dimensional steady fluid flow and heat transfer through a periodic wavy passage was conducted [12] . Experimental study was achieved to investigate the heat transfer characteristics and air friction factor for fully developed flow of air and water plate heat exchanger [13] . The test corrugation angle was (30°) for air flow Reynolds number range from (16900) to (68000). Various correlations for the Nusselt and friction factor were obtained in this work.
A numerical investigation for the trend of heat transfer and flow field through a two dimensional wavy duct was accomplished [14] . The results showed that by making the waves to be sharper, the heat transfer mechanism will be more powerful and the average Nusselt number will be increased along the length of the duct.
A numerical study for the fluid flow and heat transfer in the entrance region in a converging-diverging channel with sinusoidal wall corrugations was performed [15] . They concluded that the variations of the amplitude of channel plates and the Reynolds number have an important effect on the dynamic growth of the low field.
Numerical computation models were postulated for air cooling heat transfer and flow behaviors in triangular wavy fin channels [16] . Within the range of simulation, the results showed that the heat transfer enhancement was fin structure parameters dependent such as wavelength, wave amplitude and phase shift angle. The correlations of both heat transfer factor and friction factor were presented, and the deviations from the experimental measurements to be within (20) % for the Reynolds number range of (200) to (3000). Experimental investigation was achieved to study the flow structure in the corrugated channel [17] . The study focused on the hydrodynamics of flow in the corrugated channels using the Particle Image Velocimetry (PIV) technique for Reynolds numbers of (4000) and (6000). More recently, Dimensional analysis was used to establish a model for prediction of the mono-ethanolamine heat exchangers output [18] . The Buckingham pi theorem and the method of repeating variables were implemented to predict the outlet temperature of known operating conditions for such heat exchangers. The simulation model was evaluated by comparing predicted results against measured rich amine exit temperatures. In this respect, (98.96) % correlation, (0.023) % mean absolute percentage error and 1.376 K maximum absolute error were achieved.
The previous work of many researchers showed that the experimental or numerical investigations were conducted at either high or low Reynolds number range [5, [13] [14] [15] [16] [17] . Further, a narrow range of corrugation angles was experimentally or numerically utilized in these researches. In the present study, the experimental data collected from cooling of four pairs of heated corrugated and one plain wall in a duct structure were correlated at a narrow range of Reynolds number. The corrugated plates have four different angles of (54.5°, 45°, 38°, and 32.5°) measured from x-axis under constant heat flux conditions. These corrugation angles are corresponding to a wavelength to amplitude ratio (λ/a) of (5.7-12.6). All of these surfaces were examined at (0°) phase shift angle for the corrugated plates. A narrow range of Reynolds number bounded by the laminar, transition and turbulent flow regimes was implemented. A number of correlation forms for the air heat transfer performance are suggested and formulated by using a dimensional analysis based on the Buckingham-pi theorem.
AVAILABLE CORRELATIONS
The heat transfer rate achieved from corrugated or finned surfaces is quite a difficult task and it is hard to be handled with a single general formula. This is due to the many parameters that control the heat transfer and hydrodynamic phenomena. Such parameters represent the fin geometry and distribution, flow characteristic, Reynolds number and heat flux. According to the intended application purpose, the parameters are selected to be implemented for the description of the process by the researcher. Therefore, the majority of the available correlations are limited by their application to fulfill the conditions of their creation.
A correlation was postulated for the prediction of the Nusselt number and heat transfer coefficient enhancement efficiency for a V-shape corrugation plate [19] :
And the Nusselt numbers is expressed as:
where,
The above correlations are valid for PR=2, 4 and 7 in the Reynolds number range (8000) and (18000). They postulated that the majority of the measured data fall within (± 10) % for their correlation of Nusselt number.
A correlation for the heat transfer factor based on a numerical analysis for corrugated channels was suggested [16] . It has the following form:
The Reynolds number (Re) was defined as: Compared with those of straight fins, the simulation results showed that the triangular wavy fin channels exhibited higher heat transfer performances especially with fin structural parameters of Fh=9 mm, Fp=2.5−3 mm, λ= (14−17.5) mm and a =1−1.2 mm.
PRESENT CORRELATIONS

Overview
The previous works have emphasized the importance of the fin geometry configuration and operating conditions in the thermal and hydrodynamic assessment of the flow in corrugated channels [9, 10, 14-16, 18, 19] . Accordingly, the heat transfer coefficient enhancement factor of corrugated surfaces can be represented by these measures. These variables include the corrugation geometry, flow characteristics and operating conditions of the flow as:
1-The physical geometry parameters of the corrugated surface to include the wavelength (λ), wave amplitude (a) and corrugation angle (α) in radians 2-Flow and thermal characteristics throughout the duct which can be represented by the flow velocity (u) and fluid physical properties, ( ), (ρ), (cp) and (k), and 3-The operating heat flux exerted at the heating surface and the main stream ability to absorb it, is represented by (̇). Subsequently, the following parameters were considered as the major variables to represent the present frame work of the suggested correlations:
Here ( ) represents any of the considered dependent variables in the present work.
Present correlation derivative
Enhancement factor
In performing the dimensional analysis of the present work, the well-known Buckingham pi theorem was implemented for this purpose. Four dimensions for these variables (M, L, T, ) together with four selected governing variables (ρ, u, cp, λ) will be considered. There are ten variables, ( ℎ , , , , , , , , ,̇) expressed in terms of four fundamental dimensions. The objective of such formula is to find an expression which relates ( ℎ ) to other independent variables. Therefore, the expression relating the variables will contain six independent dimensionless groups including the enhancement or deterioration factors in the forms:
Hence, the suggested correlations should have the following expression:
where, ( ) represents a function of the independent dimensionless groups, then
This function may be represented in an expression having the form:
Here, ( ℎ ) represents the thermal measure defined as follows:
The indices (m), (n), (i), (j) and (l) are numerical values to be determined from experimental data measured at specified operating conditions. These constants may be determined from the best fit to the experimental data which reveals a minimum deviation and residual.
Heat transfer measures
In a similar manner; another correlation was developed to predict the air side heat transfer coefficient in a corrugated surface in analogy to the expression shown in Eq. (13) . Here, the air heat transfer coefficient (h) was considered to be the dependent parameter of the variables shown in Eq. (4). Then the Buckingham-pi theorem revealed that the first dimensionless group (π1) has the form of the well-known Stanton number as:
This yields a general formula as:
Here (St) is the Stanton number of air flow measured at the main stream velocity and fluid properties through the duct. The indices of this correlation could be obtained from experimental data according to the operating conditions of the air flow inside the duct. The Stanton number of the present correlation may be written in terms of its original definition as:
Most of the air medium practical applications reveal that the Prandtl number is almost a constant value of (0.7). Then the above expression can be represented as:
Then the final expression of the Nusselt number is represented by:
The expression of the heat transfer coefficient achieved from the flow inside a corrugated duct may be expressed as:
It should be pointed out that the indices of the dimensionless groups to be determined from experimental data at specified operating conditions of the air flow through the duct.
Formulae physical explanation
The physical meaning of the present dimensionless groups is represented by the variables those constitute their forms. The first group (π1) is already defined by Eq. (14) and Eq. (15) for the heat transfer enhancement factor and heat transfer coefficient assessments respectively. The independent group (π2) represents a modified Reynolds number of the flow to be based on the corrugation wavelength and main stream air velocity. Group (π3) is a sort of the Stanton number of the main air stream in terms of the corrugation wavelength and flow physical properties. The corrugation physical effect is represented by the groups (π4) and (π6). Group (π4) represents the intensity and compactness degree of the corrugation distribution to construct a corrugated surface. It is higher for the higher corrugation angle and number of corrugation waves.
Group (π6) refers to the corrugation angle which represents how far the corrugated geometry is away from the plain plate performance. As noticed from the experimental data, increasing of this angle increases the turbulence of the flow adjacent to the wall and hence enhances the heat transfer and deteriorates the flow pressure drop. The physical indication of group (π5) is the ability of the flow to absorb the exerted power at the heating surface by the convection mode under the steady state conditions.
It should be pointed out that the heat transfer enhancement factor and pressure drop have a strong assessment relation. It is axiomatic that the enhancement of the heat transfer aspect exhibited a reflected penalty for the hydrodynamic characteristics. Hence a compromise should be considered for the extent to which each aspect could affect the overall performance of the corrugated surface. Therefore, enhanced surfaces are of economic industrial application when the hydrodynamic aspect is not a factor.
EXPERIMENTAL WORK
The coefficient and indices of Eq. (13) and Eq. (16) are to be inferred from experimental data conducted on corrugated channels. The data collected from the experimental setup, test section and instrumentation shown in Figure 1 as presented by [20] . 
Test setup
The test rig consists of entrance section, a test section, orifice, and outlet air portion. The air stream flows from a (5) kW blower and then passed through a calming section duct made of a conical section having (75°) angle with horizontal. This was aimed to damp the turbulence in flow, assure stability and helps smoothing of pressure fluctuations in the entering air stream. It passes through the heat transfer test section, orifice meter to measure the air flow rate, and then discharged to the atmosphere.
Test section
The test section was a corrugated channel with two opposite corrugated plates on both of the upper and lower sides of the duct arranged in a (0°) phase shift angle. The air duct is a square cross section having dimensions of (10 × 10) cm and an effective length of (70) cm, Figure 2 . The corrugated part of the duct was made of a metal sheet having a width of (10) cm and a length of (1.12) m. The wavy corrugated plate metal was made of (0.5) mm thick and (7) mm corrugation height aluminum sheet. The corrugated sheet was fitted tightly with the wall by compression to prevent its movement and air leakage. The duct was insulated with (2) inch fiberglass standard blanket to minimize the heat loss from shell to the ambient. The corrugated sheet was heated by a flexible electrical wire affixed firmly at the plate capable to provide a uniform heat flux boundary condition.
Four different corrugated plates were tested; they were classified according to their wavelength (λ) in the air flow direction, Table 1 . The electrical output power was controlled by a variac transformer to obtain a constant heat flux along the entire length of the test section. Measurements for the voltage (V) and current (I) passing through the heating element were recorded during the tests. The surface area of the corrugated plates was (60) % bigger than that of the flat one. Therefore, the supplied power of the heating element was adjusted to attain the constant heat flux target. To ensure the reproducibility of the experimental data, it was decided to repeat each test for (3) times under the same system operating conditions. In this way, the recorded data for the assessment of this investigation will ensure its compatibility and confidence with minimized error margin. 
Measurements uncertainty
A high precaution was taken to the accuracy of the measurement due to the low values of power used during tests. The outer surface of the experimental rig was almost perfectly insulated with a (2) inch glass wool sheet. All of the thermocouples were calibrated to provide an error percentage of the measurement to be within (0.1) % on full scale. The uncertainty of the digital measuring instrument for the voltage and current passing through the heating element was less than (0.1) % according to the manufacturer. The accuracy of the air flow measurement of (1) % was considered, which represented the highest uncertainty of the measurement instrumentation. The above measures revealed uncertainty for the measured data to lie within (± 2) %, [20] .
Test operating conditions
The test conditions of the present work are related to the flow and heat flux limitations. The air mass flow rate was ranged between (12.6) and (40.6) kg/hr at entering air temperature of (40-41) °C . Air flows inside duct with entering air velocity range between (0.3) and (0.67) m/s measured at the main air stream. This reveals a corresponding narrow Reynolds number range from (1.85×10 3 ) to (3.9×10 3 ) respectively. Three different low heat fluxes were implemented during experiments namely, (500), (750) and (1000) W/m 2 . Seven K-type thermocouples were embedded along the test section wall at equal spacing. It was necessary to measure the temperature at (7) stations at the surface of the heat transfer test section for the thermal assessment objectives. Similarly, (7) K-type copper-constantan thermocouples with an accuracy of (0.1) % of full scale were employed to measure air dry bulb temperature distributed at the same distances as the wall ones at the center of the duct. This procedure produced a heat transfer coefficient distribution in the air flow direction at (7) positions along the test section.
Experimental data range
Typical experimental data
The data were collected for series of experiments conducted at variety of operating conditions and corrugated surface configurations by [20] . Typical data for the comparison of variation of heat transfer coefficient with flow Reynolds number and various corrugation angles at heat fluxes of (1000 and 500) W/m 2 is shown in Figure 3 . A comparison for the enhancement factor of heat transfer coefficient at the four test corrugation angles obtained for the whole test heat fluxes is shown in Figure 4 . The experimental data showed that heat transfer coefficient and enhancement factor revealed an increase with Reynolds number, heat flux and corrugation angle.
Validation of correlations
Enhancement factors of (1.1) to (1.4) in heat transfer coefficient for the wavy plate structures were exhibited at the test heat fluxes. These values correspond to enhancement percentages of (11) % to (39) % for heat transfer coefficients. The extent to which heat transfer coefficient augmented depends on the corrugation angle, Reynolds number and exerted heat flux. More details of the experimental work and data assessment are available [20] . The accomplished correlations in the present work have the following limitation conditions regardless of the dependent parameter:
500 ≤̇≤ 1000 400 ≤ ≤ 1760 5.7 ≤ ( ) ≤ 12.6 0.57 ≤ ≤ 0.95
These conditions were assigned for the present correlations due to the limits of operating conditions which were considered for the experimental work.
CONSTANTS DETERMINATION
Thermal enhancement factor ( )
The above experimental data was implemented to determine the required constant and indices for the present correlation shown in Eq. (13) . These coefficient and indices showed the best prediction to be with average absolute residual of (0.05). This correlation revealed that the standard deviation of the fitting is (0.065). This formula shows that the enhancement factor is proportional to the corrugation angle, Reynolds number and to less extent to the exerted heat flux as proved by the experimental data [20] .
Eq. (22) showed the direct proportionality of the behavior of ( ℎ ) with the dimensionless groups stated on the right-hand side of the correlations. It is a well responded to the variation of these parameters as those obtained from the experimental data. This correlation predicted the thermal parameter within acceptable uncertainty and showed excellent agreement with test data.
Heat transfer coefficient
The correlation for this category showed the following expression for the best fit of the experimental data:
In which the coefficient and indices are as follows: Hence the air side heat transfer coefficient exhibited from the flow throughout the corrugated duct under constant heat flux can be expressed as:
The predicted heat transfer coefficient for the air flow through the corrugated duct as presented by Eq. (27) showed its proportionality to the different parameters considered in its creation. This is shown by the strong response to the Reynolds number, heat flux and corrugation angle as validated by the experimental data utilized in their extraction.
RESULTS AND DISCUSSIONS
The validation of the present correlations stated in Eqns. (22-27) can be inferred from the experimental data and its prediction. The produced error or accuracy of the present correlations was assessed according to the following expression:
where, ( Ф) refers to the parameter considered in the expression.
Enhancement factor
It is obvious that the enhancement factor of the heat transfer coefficient shown in Eq. (22), exhibited an augmentation with the increase of heat flux, Reynolds number and corrugation angle. Further, the higher of these values achieved the higher enhancement factor for the air flow stream. This is mainly due to the improvement of the flow regime and circulation in the vicinity of the corrugated channel. Figure 4 revealed that for a fixed corrugation angle, the heat flux has a little influence on the enhancement factor. The present correlation revealed a proper response to the measured data in regards to the exerted heat flux. Figure 5 . A comparison of the heat transfer coefficient enhancement factor between the present correlation and measured values Figure 5 illustrates the comparison for the heat transfer coefficient enhancement factor between the predicted data and that measured in the tests. The present correlation revealed that its prediction lies in the scatter of (±10) % for more than (97) % of the data points implemented in the present expression. Further, the present correlation showed a smooth response to the imposed operating conditions in regards to heat flux, air velocity and thermal properties of air flow as revealed by the corresponding numerical values of the enhancement factor. Hence, the physical interpretation of the present correlation revealed the right choice of the independent variables which control the heat transfer enhancement obtained by the corrugated surface.
The residual distribution of the heat transfer coefficient enhancement correlation is shown in Figure 6 . The correlation has revealed an average error of (1.184 × 10 -3 ) represented by the red line. Figure 7 . It is worth mentioning that the numerical values of the Stanton number are quite small. This is mainly due to the low values of air heat transfer coefficient in the early stages of the turbulent flow regime. This could be explained by the strong relation between the flow Reynolds number and associated Nusselt number or heat transfer coefficient. In general, Stanton number for air flow possesses a low value at the test Reynolds number range of the present work [20] .
The variation of the residual distribution of Stanton number with that obtained from the above correlation is shown in Figure 8 with an average error of (-3.786 × 10 -5 ). 21) is implemented in the prediction of the measured data of the corrugated surfaces. This comparison is shown in Figure 9 and has uncertainty margin to be within (± 20) % for the entire range of the test operating conditions. It is obvious that the vast majority of the predicted data bounded by the above uncertainty envelop. The trend of the predicted Nusselt number data showed a similar behavior as that of the measured values from the point of view of the response to the various parameters considered in the present correlation. The predicted heat transfer coefficient exhibited from the corrugated duct is illustrated in Figure 10 .
Investigating Figure 3 reveals that the achieved heat transfer coefficient exhibited a strong dependency on heat flux, Reynolds number, corrugation angle and surface corrugation geometry.
Figure 10. A comparison of the heat transfer coefficient
It is obvious that the enhancement factor increases as these measures increase and vice versa. This behavior is clearly shown by the response of the developed correlation to the variety of measures considered in its construction. The correlation showed acceptable agreement with the experimental data to fall within (± 20) % for the majority experimental data employed for the correlation creation. The correlation exhibited a standard deviation of (0.077) for the whole range of test operating conditions. The predicted corrugated heat transfer coefficient revealed an acceptable response to the various parameters and showed a good agreement with that of the experimental data.
CONCLUSIONS
The present work has revealed the following findings:
1-A steady state dimensional analysis of the thermal assessments in a corrugated duct have been correlated at Reynolds number range (1.85×10 3 -3.9×10 3 ) and low heat fluxes of (500), (750) and (1000) W/m 2 . 2-The correlations are intended to be implemented for a corrugation wavelength to amplitude ratio (λ/a) of (5.7-12.6) with (0°) phase shift angle at corrugation plate angles of (54.5°), (45°), (38°), and (32.5°). 3-The experimental data showed that heat transfer coefficient and enhancement factor exhibited an increase with Reynolds number, heat flux and corrugation angle. 4-The heat transfer coefficient enhancement factor of the corrugated duct showed excellent agreement with those of the measured data within accuracy limit of (± 10) %. 5-The Stanton number, Nusselt number and heat transfer coefficient have been correlated for the air flow inside corrugated duct to be with (± 20) % of the experimental data. 6-The dependent variables of the present correlations showed excellent response to the selected independent parameters in their formulation and consistency with the measured experimental data.
